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METHOD AND DEVICE FOR
RECONSTRUCTING SUPER-RESOLUTION
IMAGES

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a National Stage of PCT Inter-
national Application Serial Number PCT/FR2013/051885
filed Aug. 5, 2013, which claims priority under 35 U.S.C.
§119 of French Patent Application Serial Number 12/57632,
filed Aug. 6, 2012, the disclosures of which are incorporated
by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

It is often desirable to increase the resolution of an image.
For example, certain imagers, such as terahertz (THz), infra-
red (IR) or low cost imagers may capture low-resolution
images. By increasing the resolution of one or more of the
low-resolution images, the image quality can be improved.

A super-resolution image may be reconstructed from a
plurality of low-resolution images of a same scene. For
example, the images may correspond to a sequence of frames
of a video stream captured by an imager. By combining the
visual information from multiple images, the total amount of
visual information can be increased in the super-resolution
image. Indeed, because each low-resolution image is in some
way different from the others, it contributes some unique
information that is absent from the other images.

A method of generating a super resolution image based on
multiple low-resolution images generally involves up-scaling
one of the low-resolution images, and then modifying the
pixel values of the up-scaled image based on pixel values
taken from the low-resolution images.

However, there is a technical problem in accurately select-
ing the pixel values to be used for this pixel modification.
Indeed, the selected pixel values should correspond to pixels
having positions in their respective images that accurately
match the position of the pixel to be adjusted. Any miss-match
between the pixel positions will result in added noise and thus
a reduced image quality.

One technique that has been proposed for matching the
pixel positions is to estimate the motion of objects from the
differences between the low-resolution images. However,
such motion estimation is difficult and complex to perform,
and can be imprecise, particularly in the case of objects that
make non-continuous or non-uniform movements.

US patent application N°US2009/0110285 describes a
method of super-resolution image reconstruction that does
not rely on motion estimation directly. Instead, the method
compares pixel values of pixels surrounding a target pixel
with pixel values of pixels surrounding pixels in the target
pixel’s neighborhood in neighboring images.

While the technique described in this US patent application
provides an alternative to performing motion estimation, it
has a number a drawbacks, for example in terms of complex-
ity, and the resulting image quality.

There is thus a need in the art for an improved method and
device for performing high-resolution image reconstruction.

2. Description of the Related Art

The present disclosure relates to a method and device for
performing super-resolution image reconstruction, and in

10

15

20

25

30

40

45

50

55

60

65

2

particular to a method and device for generating a super-
resolution image from one or more low-resolution images.

SUMMARY

It is an aim of embodiments of the present disclosure to at
least partially address one or more needs in the prior art.

According to one aspect, there is provided a method of
generating a super-resolution image by a processing device,
the method comprising: up-scaling an input image to generate
an up-scaled image; and modifying the pixel value of a first
pixel of the up-scaled image by: generating a similarity value
for each of a plurality of candidate pixels in said input image
and/or in one or more further input images, the candidate
pixels being chosen based on the position of said first pixel in
said up-scaled image, the similarity value being generated by
evaluating the similarity of a group of surrounding pixels of
each of said candidate pixels with a group of surrounding
pixels of said first pixel; selecting a first subset of said can-
didate pixels based on said similarity values; and generating
the modified pixel value of said first pixel based on the pixel
values and similarity values of said first subset of candidate
pixels.

According to one embodiment, selecting the first subset of
the candidate pixels comprises selecting a plurality of the
candidate pixels having the highest similarity values.

According to another embodiment, selecting the first sub-
set of the candidate pixels comprises comparing the similarity
value of each candidate pixel with a threshold value, and
selecting each candidate pixel based on said comparison.

According to a further embodiment, the method further
comprises modifying the pixel value of a second pixel of the
up-scaled image by: selecting, based on the position of said
second pixel in said up-scaled image, a plurality of further
candidate pixels in said input image and/or in one or more
further input images; generating a similarity value for each
further candidate pixel by evaluating the similarity between a
group of surrounding pixels of said second pixel and a group
of surrounding pixels of each of said further candidate pixels;
and generating the modified pixel value of said second pixel
based on the pixel and similarity values of all of said further
candidate pixels.

According to a further embodiment, the method further
comprises modifying the pixel value of a second pixel of the
up-scaled image by: selecting, based on the position of said
second pixel in said up-scaled image, a plurality of further
candidate pixels in said input image and/or in one or more
further input images; generating a similarity value for each
further candidate pixel by evaluating the similarity between a
group of surrounding pixels of said second pixel and a group
of surrounding pixels of each of said further candidate pixels;
selecting a second subset of said further candidate pixels, said
second subset containing more candidate pixels than said first
subset; and generating the modified pixel value of said second
pixel based on the pixel and similarity values of all of said
second subset of candidate pixels.

According to a further embodiment, the method further
comprises: determining uniform and non-uniform zones in
the up-scaled image, wherein the first pixel is determined to
fall within a non-uniform zone, and the second pixel is deter-
mined to fall within a uniform zone; and modifying the pixel
value of a third pixel based on candidate pixels selected based
on whether it falls within a uniform or non-uniform zone.

According to a further embodiment, determining the uni-
form and non-uniform zones comprises determining a unifor-
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mity value (h,) for at least one block of pixels of said image
based on the following equation:

hy=Idet(4)-a-[trace(4,)]|

where A, is the covariance matrix of the block of pixels,
det(A,) is the determinant of the matrix A, trace(A,) is the
trace of matrix A,, and a is a constant.

According to a further embodiment, the modified pixel
value of said first pixel is generated by calculating a weighted
mean of the pixel values of the candidate pixels by weighting
the pixel values of the candidate pixels of said subset based on
the similarity values summing the weighted pixel values.

According to a further embodiment, the modified pixel
value of said first pixel is generated based on the following
formula:

YD
Xi =
Wi
YD

where wi; is the similarity value of the candidate pixel y,,
and x,* is said modified pixel value.

According to a further embodiment, the modified pixel
value of the first pixel is generated by determining a weighted
median of the pixel values of the candidate pixels based on a
cumulative sum of the similarity values of candidate pixels
having pixel values above and/or below said weighted
median.

According to a further embodiment, the modified pixel
value of said first pixel is generated based on the following
formula:

E W;j:A- E Wij
=

]
Yj=xi

where A is a constant, wi, is the similarity value of the
candidate pixel y,, and xi* is said modified pixel value.

According to a further embodiment, the method further
comprises down-scaling said up-scaled image in order to
generate the surrounding pixels of said first pixel.

According a further embodiment, the similarity values are
determined based on the following calculation:

d}(Px;, Pyp]

Wi = —

where o,, is a constant, dz2 is the Euclidean distance
squared, Px, is the group of surrounding pixels of said first
pixel and Py, is the group of surrounding pixels of each of'said
candidate pixels.

According to a further aspect, there is provided a device for
generating a super-resolution image comprising a processing
device configured to: up-scale an input image; and modify the
pixel value of a first pixel of the up-scaled image by: gener-
ating a similarity value for each of a plurality of candidate
pixels in said input image and/or in one or more further input
images chosen based on the position of said first pixel in said
up-scaled image, the similarity value being generated by
evaluating the similarity of a group of surrounding pixels of
each of said candidate pixels with a group of surrounding
pixels of said first pixel; selecting a subset of said candidate
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pixels based on said similarity values; and generating the
modified pixel value of said first pixel based on the pixel
values and similarity values of said subset of candidate pixels.

According to yet a further aspect, there is provided a com-
puter-readable medium storing a computer program that,
when executed by a processing device, causes the above
method to be implemented.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other purposes, features, aspects and
advantages of the invention will become apparent from the
following detailed description of embodiments, given by way
of illustration and not limitation with reference to the accom-
panying drawings, in which:

FIG. 1 is a block diagram schematically representing a
super-resolution image reconstruction method according to
an example embodiment;

FIG. 2 is a flow diagram illustrating steps in a method of
generating a super-resolution image according to an example
embodiment;

FIG. 3 illustrates a portion of an up-scaled image and of a
low resolution image according to an example embodiment;

FIG. 4 illustrates an example of a search window used in a
method of super-resolution image reconstruction according
to an example embodiment;

FIG. 5 is a flow diagram illustrating a step in the method of
FIG. 2 in more detail according to an example embodiment;

FIG. 6 is a graph illustrating an example of the selection of
a median pixel value according to an example embodiment;

FIG. 7 is a flow diagram illustrating steps in a method of
generating a super-resolution image according to a further
example embodiment;

FIG. 8 is a graph illustrating an example of results obtained
by the methods described in the present disclosure according
to an example embodiment; and

FIG. 9 schematically illustrates an electronic device for
implementing the methods described herein.

DETAILED DESCRIPTION

FIG. 1 schematically illustrates an example of the principal
steps in a method for performing super-resolution image
reconstruction. As illustrated, one or more low resolution
images 102 are provided to a fusion module 104. The term
“low-resolution” as used herein is not limited to any specific
resolution, but merely designates an image that has a lower
resolution than the super-resolution image to be generated.
Furthermore, the term “image” is used herein to designate a
set of pixel values corresponding to a 2D array, but in alter-
native embodiments, an “image” could include other types of
signals, such as those captured by an electronic retina.

While a super-resolution image is often generated based on
at least two low-resolution input images, in some cases it
could be generated from a single low-resolution image. In
particular, there are many situations in which different areas
of'a same low-resolution image may be used to increase the
overall image resolution, for example in the case of images
containing patterns that repeat multiple times throughout the
image.

The fusion module 104 applies a fusion method to the
low-resolution image or images, in order to extract pixel
information that is used to modify pixels in an up-scaled
image.

After fusion has been completed, the super-resolution
image is provided to a deblurring module 106, which applies
a deblurring algorithm in order to sharpen the image, and
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generates the final super-resolution image ISR. In particular,
the fusion method often leads to an attenuation of higher
frequencies in the image, which can be compensated by the
deblurring module.

The following description will focus on the fusion method
implemented by module 104. Debinning algorithms are well
known to those skilled in the art, and will not be described in
detail herein.

FIG. 2 is a flow diagram illustrating steps in a method of
generating a super-resolution image according to an example
embodiment, and in particular the steps for performing the
fusion operation 104 of FIG. 1. In particular, the technique
involves modifying the pixel values of an up-scaled image to
generate a super-resolution image.

The steps of the method of FIG. 2 will be described with
reference also to FIG. 3, which illustrates a portion of an
up-scaled image 302, and a portion of a low-resolution image
308.

In a first step S1 of FIG. 2, one or more input images are
received. For example, the one or more input images corre-
spond to the single low-resolution image or sequence of low-
resolution images 102 of FIG. 1. In the case of a sequence of
low-resolution images, each of the images for example has
the same resolution.

In the next step S2, one of the low-resolution images is
up-scaled to provide an up-scaled image. If there is a single
low-resolution input image, then this image is up-scaled.
Alternatively, if there is a sequence of low-resolution images
corresponding to frames of a video sequence, an image at or
close to the mid-point of the image sequence is for example
selected to be up-scaled, such that the up-scaled image is one
that is relatively similar to each of the other input images.

An example of a portion of such an up-scaled image 302 is
illustrated on the left in FIG. 3. The pixels 304 of the up-
scaled image 302, which are shown as squares filled with
striped shading, represent those originating directly from a
low-resolution image. The intermediate pixels 305, which are
shown as empty or dotted squares in FIG. 3, for example have
pixel values generated by an interpolation algorithm applied
during the up-scaling operation. For example, the Lanczos
interpolation algorithm could be used, or an alternative inter-
polation algorithm as will be known by those skilled in the art.
In the example of FIG. 3, the up-scaled image has three times
as many pixels in each ofthe horizontal and vertical directions
as the original image. However, many other up-scaling ratios
could be used.

Referring again to FIG. 2, in the next step S3, a variableiis
initiated, for example at zero.

In a subsequent step S4, for the pixel xi of the up-scaled
image, a similarity value is computed with N candidate pixels
selected from the input image or images. The candidate pixels
are for example determined based on the position of the pixel
X, in the up-scaled image. The number N of candidate pixels
can be chosen based on various factors, such as the number of
input images, the time interval between the capture time of the
images, the resolution of the input images, etc.

The similarity between the pixel xi and each candidate
pixel is evaluated based on a pixel patch P, of pixels extracted
from the up-scaled image 302 by a down-sampling operation.
For example, the resolution of the pixel patch P, is equal to
that of the low-resolution image from which the up-scaled
image was generated. In the example of FIG. 3, for a pixel x,,
of the up-scaled image 302, a block 306 of pixels is down-
sampled to generate a patch Px,, corresponding to a three-by-
three block of pixels, having the pixel x,, as its central pixel. In
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this example, the patch Px, comprises all pixels taken directly
from the low-resolution image used to generate the up-scaled
image 302.

The patch P, is compared to a patch corresponding to each
of'the candidate pixels. In the example of FIG. 3, a candidate
pixel y, is taken from a low resolution image 308 and has a
same pixel position as the pixel x, in the input low-resolution
image. A patch Py, is extracted corresponding to a block of
three-by-three pixels having pixel y, as its central pixel. The
patch Py, is compared to the patch Px, to determine their
similarities, for example by calculating their Euclidean dis-
tance as described in more detail below.

Similarly, the patch Px,, is compared to other patches cor-
responding to other candidate pixels in the low-resolution
image 308 and/or in other low-resolution images. FIG. 3
shows an example of a further patch Py,, associated with a
candidate pixel y, one pixel above and to the left of the pixel
y,, in the low-resolution image 308.

In some embodiments, candidate pixels are also taken from
the low resolution image that was used to generate the up-
scaled image 302. For the pixels xi of the up-sealed image that
correspond to pixels of this low resolution image, such as the
pixel x,, the candidate patch will correspond exactly to the
reference patch, leading to a perfect similarity. This will not
be the case however for the interpolated pixels of the up-
scaled image, such as the pixel x,.

Similarity values are determined for the other pixels xi of
the up-scaled image in a similar fashion to pixel x,. For
example, in the case of a pixel x, one pixel above and to the
left of pixel x,, in the up-scaled image 302, the patch Px, for
example corresponds to the nine pixels shown with dots in
FIG. 3, each of which contains an interpolated value.

In one example, for a pixel xi to be modified in the up-
scaled image, the candidate pixels are selected to be those
within a search window a certain distance from the pixel y,
located at a location corresponding to that of the pixel xi, as
will now be described with reference to FIG. 4.

FIG. 4 illustrates an example of the generation of the
patches from the low-resolution image 308 of FIG. 3. As
illustrated, in this example a patch Py . has a radius of R, from
the central pixel y_, and assuming that the patch is square, the
patch thus has the dimensions of (2R,,+1) by (2R ,+1). All of
the patches for example have the same patch radius, which is
for example chosen to be between 1 and 10 pixels. The num-
ber of patches compared to the reference patch is determined
by the size of the search window S from which the patches are
extracted. The search window S in the low resolution image
308 for example corresponds to candidate pixels falling
within a radius R, from the central pixel. In the example of
FIG. 4, an example of a candidate pixel y, falling in the
bottom left corner of the search window is illustrated with a
corresponding patch Py,,. Thus, a square search window for
example has dimensions (2R +1) by (2R +1), and thus would
generate a total of (2R +1)? of patches. The search window
radius is for example between 1 and 10 pixels. In some
embodiments, the search window radius can be selected
based on the maximum movement between the image used to
generate the up-scaled image 302 and each of the other
images. A similar or the same search window is for example
used for each low resolution input image.

An example of the steps performed in step S4 of FIG. 2 will
now be described in more detail with reference to FIG. 5.

FIG. 5 is a flow diagram illustrating the step S4 of FIG. 2 in
more detail according to an example embodiment in which
the similarity value is calculated using the Euclidean dis-
tance.
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Initially, in a sub-step S4A, a block of pixels surrounding
the pixel xi in the up-scaled image is down-sampled to gen-
erate the reference patch Px,.

In a subsequent sub-step S4B, the similarity value between
the reference patch and a patch Py, surrounding each candi-
date pixel is calculated, based on the Euclidean distance d.
For example, the similarity value is determined by the fol-
lowing calculation:

d%(Px;, Pyj)]

W = —

where 0,, is a constant that controls the weights and hence
determines the contributions of neighbouring pixels, and
“d,*( ) is the Buclidean distance squared, which is for
example calculated as:

APy, Py =5 (P00 = Py, (1))

pateh y £ oren

where N,,,.,, is the number of pixels forming each patch.

In alternative embodiments, other algorithms could be
used to calculate the similarity between the patches.

As one example, the following table I below provides a list
of candidate pixels and associated similarity values.

TABLE I
Candidate Pixel Pixel Value Similarity Value
vy 199 0.56
¥s 244 0.52
V3 212 0.61
Y, 165 0.66
Ys 207 0.85
Ys 177 0.69
Y, 199 0.89
Vg 250 0.57
Yo 166 0.49

For example, in this table, the candidate pixels y1to y9 are
the pixels forming a three-by-three pixel block, the pixel
values are for example represented by 8 bits, and thus each
have a value falling in the range 0 to 255, and the similarity
values are for example on a scale between 0 and 1, values
close to 0 indicating very little similarity, and values close to
1 indicating very high similarity.

Referring again to FIG. 2, after the step S4, the next step is
S5, in which a subset of the candidate pixels is selected. For
example, for this, a threshold value is used to eliminate cer-
tain candidates based on the similarity values. For example, a
threshold value of 0.65 would eliminate all of the candidate
pixels in Table I except for pixels y4 to y7. The same threshold
value is for example used for all pixels. Alternatively, the
candidate values may be ranked based on their similarity
values, and only a number of the highest ranking candidates is
selected. For example, between 90 and 10 percent of candi-
date values may be selected to form the subset of candidate
pixels. An advantage of selecting a percentage of candidate
pixels is that the selection is automatically adapted to the
distribution of similarity values.

In a next step S6, a new pixel value is generated for each
pixel xi based on the pixel values and candidate values of the
subset of candidate pixels.
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For example, taking the example of candidate pixels of
table I above, and assuming that a threshold of 0.65 is used to
select the subset of candidate pixels, the subset of candidate
pixels for example comprises those of table 11 below, which
have been ranked based on the pixel value for each candidate
pixel.

TABLE II
Candidate Similarity Weighted Pixel
Pixel Pixel Value Value Value
Y5 207 0.85 176.0
Y, 199 0.89 177.1
Ys 177 0.69 122.1
Y, 165 0.66 108.9

The weighted pixel value is for example determined for
each candidate pixel of the subset by multiplying each pixel
value by its corresponding similarity value. The new pixel
value xi is then for example calculated as a weighted mean of
the pixel values, for example based on the following calcula-
tion:

> i
¥;E0)

X =

i T

¥;E00)

wherey, are the candidate pixels of the subset (i), and Wi,
is the similarity value for each candidate pixel of the subset.
Taking the values provided as an example in Table II above,
the sum of weighted pixel values is thus 584.1, and the sum of
similarity values is thus 3.09, and the modified pixel value can
be calculated as being equal to 189. Thus, whereas the mean
of the four candidate pixel values is equal to 187, after more
heavily weighting the most similar candidates, a more accu-
rate pixel value is achieved.

In an alternative embodiment, rather than taking a
weighted mean of the pixel values of the subset of candidate
values, the modified pixel value could be calculated as a
weighted median pixel value xi* among the subset of candi-
date values. In particular, the weighted median pixel value xi*
is for example chosen to satisfy the following relation:

E W;j:A- E Wij
=

o
Yj=xi

where A is a constant and wi, is the similarity value of the
candidate pixel y,.

In some embodiments, the constant A is equal to 1. In other
words, the weighted median value xi* corresponds to the
pixel value of the candidate pixel for which the cumulative
sum of the similarity values for candidate pixels having a
pixel value lower than the weighted median value xi* equals
the cumulative sum of the similarity values for candidates
pixels having a pixel value higher that the weighted median
value xi*.

Alternatively, the constant A could be equal to a value other
than 1, for example such that the cumulative sum of the
similarities below the value xi* is between 40 and 60 percent
of'the total sum of similarities. Thus A is for example equal to
between 0.667 and 1.5.
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More often than not, there will be a single weighted median
candidate pixel. Indeed, calculating the cumulative sum of the
similarity values from the lowest candidate pixel value
towards the highest, it will generally be that the limit deter-
mined by the constant A will be exceeded when the similarity
value of an nth candidate pixel is added to the cumulative
sum. Indeed, if the cumulative sum is instead calculated start-
ing with the highest candidate pixel value and going towards
the lowest, the threshold value will be reached when the
similarity value of the same nth candidate pixel is added to the
cumulative sum. This nth candidate pixel thus for example
provides the weighted median value.

As an example, assuming that the constant A is equal to 1,
the threshold cumulative similarity value is equal to 50 per-
cent of the total sum of similarity values. Taking the example
of Table I above, the threshold cumulative similarity value is
thus 3.09/2=1.545. The median pixel value is thus that of
pixel Y7, equal to 199 in this example.

In some cases however, after adding the similarity value of
the nth candidate pixel, the cumulative score may equal
exactly the limit value determined by the constant A. In this
case, the weighted median value is for example calculated as
the mean of the nth and (n+1)th candidate pixel values.

For example, taking the example of Table II above in the
case that the constant A is equal to 0.776, the limit for the
cumulative sum of the similarity values starting from the
lowest candidate value will be equal to (A/A+1)x3.09=1.35.
Because this limit will be reached exactly by the sum of the
similarity values of pixels y4 and y6 in table I, the weighted
median value is for example chosen to be the mean of values
y6 and y7, i.e. (177+199)/2=188.

Referring again to FIG. 2, in a subsequent step S7, it is
determined whether the variable i is equal to M, for example
there being a total of M+1 pixels in the up-scaled image. If
not, the next step is S8, in which the variable i is incremented,
and then the method returns to step S4. Alternatively, once the
final pixel x,, of the image has been processed, the step after
S7 is step S9, in which the fusion method ends and deblurring
is for example performed on the generated image, as
described above with reference to FIG. 1.

FIG. 6 is a graph illustrating the similarity values Wi,
plotted against the pixel values y;. It should be noted that for
a given pixel value, there may be more than one candidate
pixel represented by points on the curve. As represented in
this figure, in the case that the constant A is equal to 1, the
median pixel value corresponds to the value for which the
area under the curve on either side if this value is equal, i.e.
equal to 50 percent of the total area under the curve. An
example of the weighted mean value y,,,..,, is also illustrated
in FIG. 6, which in this example is higher than the median
value.

FIG. 7 is a flow diagram illustrating steps in an alternative
method of generating a super-resolution image to that of FIG.
2.

The initial steps S1 and S2 of receiving one or more input
images and up-scaling an input image are the same as the
corresponding steps of FIG. 2, and will not be described again
in detail.

In a subsequent step S3 of FIG. 7, uniformity values are
calculated for the low-resolution input image used to generate
the up-scaled image. For this, the input image is for example
divided into blocks of pixels, and the absolute Harris value is
for example calculated for each block. The application of the
Harris value for corner and edge detection is for example
described in more detail in the technical publication entitled
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“A combined corner and edge detector”, C. Harrys and M.
Stephens, proceeding of 4th Alvey Vision Conference, pages
147-151.

In one example, initially a Gaussian low-pass filter, for
example of size five-by-five pixels, is applied to the low-
resolution image. Then, horizontal derivatives IH and vertical
derivatives IV are for example calculated in the filtered image
for every pixel value.

Then, for each block k of the low-resolution image, where
k is for example an eight-by-eight block of pixels, a covari-
ance matrix is for example generated as follows:

Uiy

_[ <1H1V>k}
- {uly )

N

where is the mean value for the block k.

The absolute Harris value h, is then for example calculated
for each block k based on this covariance matrix using the
following equation:

hy=ldet(4,)-a[trace(4,)]|

where det(A,) is the determinant of the matrix A, trace
(A,) is the trace of matrix A, and . is a constant. Based on the
absolute Harris value calculated for each block k, a binary
uniformity value is for example calculated for each block by
comparing the absolute Harris value to a threshold value. For
example, the uniformity values are calculated by applying the
following rule:

0 if By =y -max{f}

1 otherwise

U(pk)={

where P, are the pixels of block k, y is a constant, and
y-max{h,} is the threshold value, where max{h,} is the high-
est Harris value for all of the blocks in the image.

Referring again to the flow diagram of FIG. 7, in a subse-
quent step S4, the up-scaled image generated in step S2 is
segmented into uniform and non-uniform zones based on the
uniformity values generated in step S3. For example, for each
block k of the low-resolution input image, it is determined
that a corresponding block of pixels of the up-scaled image is
a non-uniform zone if the uniformity value is equal to 0, or a
uniform zone if the uniformity value is equal to 1.

In a subsequent step S5, a variable i is for example initiated
to 0.

Then, in a subsequent step S6, it is determined whether or
not the pixel xi of the up-scaled image is in a non-uniform
zone. If not, the next step is S7, in which similarity values are
computed in a similar fashion as described above with refer-
ence to step S4 of FIG. 2.

After step S7, the next step is step S8, in which a modified
value of pixel xi is generated based on pixel value and simi-
larity values of all of the N candidate pixels. In particular, the
techniques for generating this modified pixel value, which
could be based on a weighted mean or weighted median
value, are for example the same as those described above with
reference to step S5 of FIG. 2 and to Tables I and II, except
that all of the candidate pixels are considered, rather than only
those of a selected subset.

Alternatively, if in step S6 the pixel xi is determined to be
non-uniform, the next step is S9, in which again the similarity
values are computed for all N candidate pixels.
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However, the step after S9 is step S10, in which a subset of
the candidate pixels is selected in a similar fashion as
described above in relation to step S5 of FIG. 2.

After step S10, the next step is S11, which is similar to S6
of FIG. 2 described above, in which a new value of pixel xi is
generated based on the selected subset of candidate pixel
values.

After steps S8 and S11, the next step is S12, in which it is
determined whether variable i is equal to M, for example there
being a total of M+1 pixels in the up-scaled image. If not, the
next step is S13, in which the variable i is incremented, and
the method returns to S6. Alternatively, when i is equal to M,
the method for example ends at step S14, and deblurring is for
example performed on the generated image, as described
above with reference to FIG. 1.

In an alternative implementation, rather than generating a
new pixel value based on all candidate pixels, in step S8 of
FIG. 7, the modified pixel value could be calculated based on
a bigger subset of candidate pixels than the one selected in
step S10. For example, the subset of candidate pixels selected
for pixels in the non-uniform zones could be selected based
on a first threshold value or a first percentage of candidates,
and the subset of candidate pixels selected for pixels in the
uniform zones could be selected based on a second threshold
value lower than the first threshold value, or a second percent-
age of candidates higher than the first percentage.

Thus, the flow diagram of FIG. 7 illustrates an example in
which one of two pixel modification methods is used based on
whether or not each pixel corresponds to a uniform or non-
uniform zone. In some embodiments, border zones are addi-
tionally defined at the

of FIG. 6, and xi2(p) is the modified boundary between the
uniform and non-uniform zones. The pixels in such border
zones are for example processed based on a mix of the two
pixel modification methods.

For example, for the pixels in the border zones, the follow-
ing rule is applied:

x=(1=-U@))x; )+ Up) %)

where xil(p) is the modified pixel value generated by the
method corresponding to steps S9 to S11 pixel value gener-
ated by the method corresponding to steps S7 and S8 of FIG.
6. U(p) is the uniformity value for the pixel in question, and in
the border zones, this value is for example equal to 0.5, such
that the weighting applied to the two pixel generation meth-
ods is equal. Alternatively, a more gradual transition from the
uniform to non-uniform zone could be achieved by progres-
sively decreasing U(p) from 1 to O across the uniform to
non-uniform boundary.

FIG. 8 is a graph illustrating an example of the results that
have been achieved by applying the super-resolution image
generation techniques described herein. In particular, this
graph plots the logarithmic spectrum against the normalized
frequency, which is a radial spatial frequency, i.e. at each
spatial frequency the spectrum is obtained from the spectra
summed over all orientations. In other words, a 2D spectrum
of the image is calculated, with spectrum center (DC) being
the average value. Then, the ordinates of the radial spectrum
at abscissa R are computed as the sum of the 2D spectrum
ordinates for each point that lies at an equal distance R from
the spectrum center.

A solid line in FIG. 8 represents an original image. In other
words, for the purpose of obtaining the graph of FIG. 8, an
original high resolution image was analyzed to provide the
solid line curve of FIG. 8, and then down-sampled to generate
low resolution input images. In particular, in the examples of
FIG. 8, noise of standard deviation 10 was added to an image

15

30

35

40

45

12

measuring 512 by 512 pixels. The noisy image was then
shifted and down-sampled by a factor of 3 in each dimension
to generate each of nine low resolution images.

An important indicator of the performance of a super-
resolution image construction technique is the extent to
which the spatial spectrum of the resulting image matches
that of the original/ideal image.

A dashed line in FIG. 8 represents the result obtained from
applying what will be referred to as the “non-local mean”
(NLM) method of generating the super-resolution image,
which corresponds to the technique described above with
respect to FIG. 2, except that the modified pixel value is
calculated based on the weighted mean of all candidate pix-
els, rather than only on a selected subset of candidates. As
illustrated, the resulting spatial frequency spectrum in the
image is relatively far from that of the original image.

A dotted line in FIG. 8 represents the result obtained from
applying what will be referred to as the “constrained non-
local mean” (C-NLM) method, which corresponds to the
method described in relation to FIG. 7, based on a weighted
mean of all of the candidate pixels in uniform zones, and of a
selected subset of candidate pixels in non-uniform zones. The
result is much improved with respect to the NLM method.

A dashed-dotted line in FIG. 8 represents the result
obtained from using the weighted median candidate pixel
described with reference to FIG. 6, in combination with the
constrained non-local mean method. It will be observed that
the result is particularly close to that of the original image.

FIG. 9 schematically illustrates, in block diagram form, a
device 900 suitable for implementing the methods as
described herein.

The device 900 comprises a processing device 902, which
for example comprises one or more processors capable of
executing instructions stored in an instruction memory 904
coupled to the processing device 902. The execution of these
instructions causes the methods as described herein, for
example the method represented by the flow diagrams of
FIGS. 2, 5 and 7, to be implemented.

The processing device 902 is for example further coupled
to a memory device 906 storing the input images to be pro-
cessed as well as the final super-resolution image, and any
intermediate images generated during the methods. One or
more input/output modules 908, such as input/output ports, a
keyboard and/or mouse, touch screen etc., are also for
example coupled to the processing device 902. Furthermore,
in some embodiments, a camera 910 is coupled to the pro-
cessing device for capturing low resolution input images to be
used to reconstruct the super resolution image. The camera
910 could comprise an image sensor array, such as a CMOS
image sensor, or another type of sensor array, such as those
used in electronic retina. Furthermore, a display 912 is for
example provided for displaying the various images.

Thus the embodiments described herein provide a method
and device for generating a super-resolution image having an
improved image quality and reduced complexity with respect
to prior solutions. In particular, by choosing candidate pixels
based on the location of the pixel to be modified, and then
filtering these candidate pixels to select a subset to be used in
generating the modified pixel value, an over-smoothing ofthe
image is avoided, and the pixel calculation is simplified.

Furthermore, by selecting the modified pixel value as a
weighted median candidate pixel based on the similarity val-
ues, a further improvement in the image quality may be
achieved.

Furthermore, by modifying pixels present in non-uniform
zones of the image based on a subset of the candidate pixels,
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and those present in uniform zones of the image based on all
candidate pixels, the image quality is further improved.

Having thus described at least one illustrative embodiment
of the invention, various alterations, modifications and
improvements will readily occur to those skilled in the art.

For example, while examples have been described in which
the pixel value of each pixel in the up-scaled image is modi-
fied to generate the super-resolution image, it will be apparent
to those skilled in the art that in some cases some zones of the
image may be excluded from pixel modification altogether.

Furthermore, while the example embodiments detail the
generation of a super-resolution image based on more than
one low-resolution input image, it will be apparent to those
skilled in the art how the described techniques can be applied
to the case of a single low-resolution input image. For
example, in the case of a single image, the candidate pixels are
chosen to be all those of the input image. Alternatively, the
size of the search window is determined based on the image
characteristics.

The invention claimed is:

1. A method of generating a super-resolution image by a
processing device, the method comprising:

up-scaling an input image to generate an up-scaled image;

and

modifying the pixel value of a first pixel of the up-scaled

image by:

generating a similarity value for each of a plurality of

candidate pixels in said input image and/or in one or
more further input images, the candidate pixels being
chosen based on the position of said first pixel in said
up-scaled image, the similarity value being generated by
evaluating the similarity of a group of surrounding pix-
els of each of said candidate pixels with a group of
surrounding pixels of said first pixel;

selecting a first subset of said candidate pixels based on

said similarity values; and

generating the modified pixel value of said first pixel based

on the pixel values and similarity values of said first
subset of candidate pixels.

2. The method of claim 1, wherein selecting said first
subset of the candidate pixels comprises selecting a plurality
of the candidate pixels having the highest similarity values.

3. The method of claim 1, wherein selecting said first
subset of the candidate pixels comprises comparing the simi-
larity value of each candidate pixel with a threshold value,
and selecting each candidate pixel based on said comparison.

4. The method of claim 1, further comprising modifying
the pixel value of a second pixel of the up-scaled image by:

selecting, based on the position of said second pixel in said

up-scaled image, a plurality of further candidate pixels
in said input image and/or in one or more further input
images;

generating a similarity value for each further candidate

pixel by evaluating the similarity between a group of
surrounding pixels of said second pixel and a group of
surrounding pixels of each of said further candidate
pixels; and

generating the modified pixel value of said second pixel

based on the pixel and similarity values of all of said
further candidate pixels.

5. The method of claim 1, further comprising modifying
the pixel value of a second pixel of the up-scaled image by:

selecting, based on the position of said second pixel in said

up-scaled image, a plurality of further candidate pixels
in said input image and/or in one or more further input
images;
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generating a similarity value for each further candidate
pixel by evaluating the similarity between a group of
surrounding pixels of said second pixel and a group of
surrounding pixels of each of said further candidate
pixels;

selecting a second subset of said further candidate pixels,

said second subset containing more candidate pixels
than said first subset; and

generating the modified pixel value of said second pixel

based on the pixel and similarity values of all of said
second subset of candidate pixels.
6. The method of claim 4, further comprising:
determining uniform and non-uniform zones in said up-
scaled image, wherein said first pixel is determined to
fall within a non-uniform zone, and said second pixel is
determined to fall within a uniform zone; and

modifying the pixel value of a third pixel based on candi-
date pixels selected based on whether it falls within a
uniform or non-uniform zone.

7. The method of claim 6, wherein determining said uni-
form and non-uniform zones comprises determining a unifor-
mity value for at least one block of pixels of said image based
on the following equation:

hy=Idet(4,)-a[trace(4,) |

where A, is the covariance matrix of the block of pixels,
det(A,) is the determinant of the matrix A,, trace(A,) is the
trace of matrix A,, and a is a constant.

8. The method of claim 1, wherein the modified pixel value
of'said first pixel is generated by calculating a weighted mean
of the pixel values of the candidate pixels by weighting the
pixel values of the candidate pixels of said subset based on the
similarity values, and by summing the weighted pixel values.

9. The method of claim 8, wherein said modified pixel
value of said first pixel is generated based on the following
formula:

Z XY

iy

2 Vi

AL

X =

where w,; is the similarity value of the candidate pixel y;, and
X, is said modified pixel value.

10. The method of claim 1, wherein the modified pixel
value of said first pixel is generated by determining a
weighted median of the pixel values of the candidate pixels
based on a cumulative sum of the similarity values of candi-
date pixels having pixel values above and/or below said
weighted median.

11. The method of claim 10, wherein the modified pixel
value of said first pixel is generated based on the following
formula:

2

=

wy = A- Wy
¥

*
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X}
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where A is a constant, w,, is the similarity value of the candi-
date pixel y;, and x,* is said modified pixel value.

12. The method of claim 1, further comprising down-scal-
ing said up-scaled image in order to generate the surrounding
pixels of said first pixel.

13. The method of claim 1, wherein said similarity values
are determined based on the following calculation:
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42 (Px;, Pyp]

Wi = —

where o, is a constant, d;” is the Euclidean distance squared,
Px, is the group of surrounding pixels of said first pixel and Py,
is the group of surrounding pixels of each of said candidate
pixels.

14. A device for generating a super-resolution image com- 10

prising a processing device configured to:

up-scale an input image; and

modify the pixel value of a first pixel of the up-scaled

image by:

generating a similarity value for each of a plurality of

candidate pixels in said input image and/or in one or
more further input images chosen based on the position
of said first pixel in said up-scaled image, the similarity
value being generated by evaluating the similarity of a
group of surrounding pixels of each of said candidate
pixels with a group of surrounding pixels of said first
pixel;

selecting a subset of said candidate pixels based on said

similarity values; and

generating the modified pixel value of said first pixel based

on the pixel values and similarity values of said subset of
candidate pixels.

15. A non-transitory computer-readable medium storing a
computer program that, when executed by a processing
device, causes a method of generating a super-resolution
image to be implemented, the method comprising the steps
of:

up-scaling an input image to generate an up-scaled image;

and

modifying the pixel value of a first pixel of the up-scaled

image by:

generating a similarity value for each of a plurality of

candidate pixels in said input image and/or in one or
more further input images, the candidate pixels being
chosen based on the position of said first pixel in said
up-scaled image, the similarity value being generated by
evaluating the similarity of a group of surrounding pix-
els of each of said candidate pixels with a group of
surrounding pixels of said first pixel;

selecting a first subset of said candidate pixels based on

said similarity values; and

generating the modified pixel value of said first pixel based

on the pixel values and similarity values of said first
subset of candidate pixels.
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16. The device of claim 15, wherein selecting said first
subset of the candidate pixels comprises selecting a plurality
of the candidate pixels having the highest similarity values.

17. The device of claim 15, wherein selecting said first
subset of the candidate pixels comprises comparing the simi-
larity value of each candidate pixel with a threshold value,
and selecting each candidate pixel based on said comparison.

18. The device of claim 15, wherein the processing device
is further configured to modify the pixel value of a second
pixel of the up-scaled image by:

selecting, based on the position of said second pixel in said

up-scaled image, a plurality of further candidate pixels
in said input image and/or in one or more further input
images;

generating a similarity value for each further candidate

pixel by evaluating the similarity between a group of
surrounding pixels of said second pixel and a group of
surrounding pixels of each of said further candidate
pixels; and

generating the modified pixel value of said second pixel

based on the pixel and similarity values of all of said
further candidate pixels.

19. The device of claim 15, wherein the processing device
is further configured to modify the pixel value of a second
pixel of the up-scaled image by:

selecting, based on the position of said second pixel in said

up-scaled image, a plurality of further candidate pixels
in said input image and/or in one or more further input
images;

generating a similarity value for each further candidate

pixel by evaluating the similarity between a group of
surrounding pixels of said second pixel and a group of
surrounding pixels of each of said further candidate
pixels;

selecting a second subset of said further candidate pixels,

said second subset containing more candidate pixels
than said first subset; and

generating the modified pixel value of said second pixel

based on the pixel and similarity values of all of said
second subset of candidate pixels.
20. The device of claim 19, wherein the processing device
is further configured to perform the following steps:
determining uniform and non-uniform zones in said up-
scaled image, wherein said first pixel is determined to
fall within a non-uniform zone, and said second pixel is
determined to fall within a uniform zone; and

modifying the pixel value of a third pixel based on candi-
date pixels selected based on whether it falls within a
uniform or non-uniform zone.
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